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suMMmY
.

Groundtestshavebeenmadeofan instrumentwhich,whenassdled
ina morecompactformforflightinstallation,couldbeusedto obtain
statisticalflightdataontheliquid-watercontentoficingcloudsand
toprovideanindicationoficingseverity.Thesensingelementofthe
instrumentconsistsofanelectricallyheatedwirewhichismountedin
theairstream.Thedegreeof coolingofthewireresultingfromevap-
orationoftheimpingingwaterdxopletsisa measureoftheliquid-water
contentofthecloud.Determinationofthevalueoftheliqtid-water
contentfromthewiretemperatureatqnyinstantrequiresa howledgeof
theairspeed,altitude,.andairtemperature.

An analysiswasmadeofthetemperatureresponseofa heatedwire
exposedto”anairstreamcontainingwaterdrops.Comparisonsweremade
oftheliquid-watercontentasmeasuredwithseveralheatedwiresand
absorbentcylindersinanartificiallyprcducedcloud.Foroneofthe
wires,comparativetestsweremadewitha rotating-diskicing-ratemeter
inan icingtid tunnel.fromthetestresults,itwasshownthatan
instrumentformeasuringtheconcentrationofliquidwaterinan,air
streamcanbebuiltusingan electricallyheatedwireofknowntem_perature-
resistsmcecharacteristics,andthattheperformanceof sucha device
canbepredictedusingappropriatetheory.

Althoughan instrumentina formsuitableforgatheringstatistical
datainflightwasnotbuilt,thepracticabilityof constructingsuch
an instrumentwasillustrated.Theground-testresultsindicatedthat
a flightheated-wireinstrumentwouldbe shple anddurable,would
respondrapidlytovariationsinliquid-watercontent,andcouldbe
usedforthemeasurementofwatercontentincloudswhichsreabove
freezingtemperature,aswe13as inicingclouds.

. .—— .— .... . ———. - — ——————.— ...— —
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In theinvestigation

INI’RODW’ITOIV

ofmeansforprotectingaircraftfromicingin
flight,themeteorologicalstructureof-icingcloudsisan important-
consideration.Studiesof cloudsrequirethedevelopmentofinstruments
formeasuringsuchquantitiesas liquid=watercontent,dropletsize,and
airtemperature.A discussionofsomeoftheseinstrumentsisgivenin
reference1.

Recentdevelopmentoficinginstrumentshasbeenconcentratedon
simpleinstrummrtsdesignedforthepurposeofobtainingstatistical
dataontheseverityoficingconditions.TheNACAhasconducted
researchonseveralinstrumentsforthis~rpose. Oneoftheseinstru– .
manta,whichisdescribedinreference2, isbeingusedina cooperative
programwithairlinesad theU. S.AirForceforobtainingstatistical
infofitionregardingfrequency,extent,andintensityoficingcondi-
tions. Thisinstrumentmeasurestherateoficeaccretionona smd_l–
diametercylinder.Fromsimultaneousrecordingsofice-accretionrate
andairspeedtheliquid=watercontentoftheicingcloudis evaluated.
The-icingseverityisthenestablishedby thereasoningadvancedin
reference3 thattheeffectofdropletsizeissecondaryandthatliquid–
watercontentcsmbe consideredtogive-a goodfirstapproximationof
icingseverity. .

Anotherinstrument,whichisdescribedherein,hasbeendeveloped
by theAmesLaboratoryoftheNM/L.Thisinstrumentalsoutilizesthe
principlethat,attemperaturesbelowfreezing,liquid-watercontentis
a goodapproximationoficingseverity.Theliquid-w~ercontentof’the
cloudisdeterminedfromtherateofinterceptionof’waterby a small—
diameterheatedcylinder.Sincefirstsuggestedi+194-4byMr. J.K.Hardy
oftheR.A.E.asa-meansformeasuringliquid-watercontent,theheated
cylinder,until.recently,hadbeenusedonlyfordetectingthepresence
ofliquidwaterinflight(reference4). In1~~, a designwasproposed
foran instrumentofthistypetomeasurewaterconcentration(refer-
ence~). Ina recentinvestigation(reference6),a heated-cylinder
instrumentwasdevelopedandwascalibratedovera Mmitedrangeof
conditions.Althoughthisinstrumentislesscomplicatedandmoreeasily
arrangedfor@ect indicationthananyoftheothertypesofinstruments
mentioned~retiously,certaindisadvantagesstm remained.Forexample,
thesensingelementis somewhatfra@leandcomplicatedin construction,
andtheresponseto changesinwatercontentisnotasrapidas is
desirable.Thisin.strumnt,aswellastheothertypesmentionedpre-
viously,doesnotreadilylenditselftotheoreticaltreatment,and,
hence,mustbe calibratedfora widerangeofvaluesofliquid-water
content,airspeed,andaltitudetobe usable.

TheinstrumentinvestigatedattheAmesLaboratory,whichconstitutes
thesubjectofthisreport,‘overcomesthesedisadvantageswhileretaining
theadvantageofbe~g easilyadaptablefordirectindicationofliquid-
watercontent.Thesensingelementconsists.simplyofa loopofelec-
tricalresistance-e whichisheatedby passingcurrentthroughit.
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Itschangeinresistance,
impingingwaterdroplets,

resultingfromcooling.dueto evaporation
isusedasa measureoftheliquid-water

content.Equationsweredevelopedwhichpredicttheperformanceof

“3

of

a
heatedwireina cloudcomposedofwaterdroplets.Inordertoprovide
datasuitableto evaluatetheseequations,testsof severalresistance
wireswereperformedinanartificalJyproducedcloudwithina @et at
abovef’reezingtemperatures,whereina widerangeofvaluesofairspeed
andliquid-watercontentcouldbe obtained.Inaddition,testsovera
limitedrangeofconditionswereconductedat subfreezingtemperatures
withoneresistancewireintheLewisLaboratoryIcingResearchTumnel-.
Presentedinthisreportaretheresultsofthese,tests,togetherwith
ananslysisoftheheated-wire-typeinstrument.Ccmrparisonsaremadeof
valuesofwatercontentobtainedwiththeheated,wiresandthosemeasured
bymeamsofabsorbentcylinders.Inaddition,theperformancecharacter-
isticsoftheinstrumentareillustrated.Althoughan instrumentwas
notbuiltina formsuitableforinstallationinan airplane,sufficient
informationis includedto indicatethepracticabilityof constructinga
completeinstrumentforgatheringstatisticalflighticingdata. ~

SYMBOLS

% projectedfrontalareaofcylinder,sqwe feet

43 surfaceareaofcylinder,squarefeet

%
specificheat

c% specificheat
pound,OF

c concentration

ofairat constantpressure,Btuperpound,%

ofwaterat constantpressure,equalto 1 Btuper

factorforwaterdropsimpingingatanylocation
onthecylindersurface;defined,consideringthetwo-
Mmensional.flowfield,astheratioofthedifferential
distance,normalto flowdirection,oftwoadjacenttrajec-
toriesofwaterdropsatfree-streamconditionstothediffer-
entialdistancealongthecylindersurfacemeaburedbetween
thepointsofimpingementofthewaterdrops,dimensionless

“d dismeterofabsorbentcylinder,inches

D diameterofheatedcylinder,feet

‘% saturatedwater-vaporpressureattemperature
ofmercury

es saturatedwater-vaporpressureattemperature
ofmercu3#

E electricalpotentialacrossendsofresistance

% water-dropcollectionefficiency,dimensionless

‘%’milltieters

ts,milJ3meters

wire,volts

— —— .———— —. ~- .——.-. — —.~“. —--
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accelerationdueto gravity,equalto 32.2feetpersecond,
second

h convectives&faceheat-transfercoefficientat my pointon
cylindersurface,Btuperhour,squarefoot,OF

meanconvectivesurfaceheat-transfercoefficient,averagefor
peripheryof cylinder,Btuperhour,squarefoot,%

enthalpyof saturatedwatervaporattemperaturets,Btuper
pound

electricalcurrentflowthroughresistancewire,amperesI

J

m

mechanicalequivalentofheat,equalto7’78foot-poundsperBtu

liqyid-waterconcentration,gramEofwaterperctiicmeterof

Ma weight-rateofwater-drophpingementperunitof surfacearea,
poundsperhour,squarefoot

.
totalweight-rateofwater-dropimpingement,poundsperhour

loc~barmnetricpressure,mXU3metersofmercury

rateofheatflow,Btuperhour
I

measuredrateoficeaccretiononrotatingdisk,inchesper
minute

R electricalresistanceofwireattemperate ts,ohms

smibient-airtemperature,OFto

I

‘% Mnetic-airtemperatureadjacenttoanypointonthecylinder
surface,OF

meankinetic-airtemperature(averagetemperatureof air
@scent toperipheryof cylinder),OF “‘%.

ts cy13nd.er-surfacetemperature,%’

Tf averageof cylinder-surfacetemperate ta,andambient-air
temperatureto,OFdx301ute

v free-streamvelocity,-feetpersecond

totalweightofwaterinterceptedbyabsorbentcylinder,grsnM ‘

.-.— —.. ——- —.— ——. —- ——.
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.
Y specificweightofairattemp&atureT-pandprevalent

5

presstie,poundspercubicfoot

P densityoficeformedonrotating
meter

‘1 durationofexposureofabsorbent

disk,gainspercubiccenti-

cylinder,seconds

v centralangle
degree~

measuredfromforwardstagnationpointofcylinder,

ANAIYSIS.

Operationofa HeatedCylinderina Cloud

A heatedcylinderplacedtransverselyinanairstresmcontaining
waterdropletsis cooledby confection,by thetransferofheattothe
waterdropsstrikingthec@inder,by theevaporationofthewateron
thecylindersurface,andby radiation.Ingeneral,thetransferof
heatduetoradiationisswill,andinthesubsequentanalysisthisheat
losswillbe neglected.A circ~ cylinderof”infimitelengthandof
uniformsurfacetemperatureisassmed.

If thecylinderisheatedsufficiently.toevaporatealdimp-
Waterjtheflowofheatfromitssurfacedueto convection,water-drop
~~ement, andevaporationcanbeexpressedas

(1)

Therateofwater-dropimpingementis

MT = 0.225VAP~ m

Ifthecylinderisintheformofan electricalresistancewire,
andthewireisheatedbypassingcurrentthroughit,thepowerinput
iseqpaltotheproductofthecurrentandthevoltageatthewireter-
minals,andthevalueof Q equals3.41EI. Substitutinginequa-
tion(1)for Q and MT andassigning~ thevalueof1 Btuper
pound,%, theliquid-waterconcentrationo?theair
follows: -

(s ‘av) ~
3.41EX - ~v ~- t -t

m=
0.225V ~ EM (h@32-%)

streamisgivenas

(2)

...— ...— .-- ——- —— .- —.-—.. .—. — .- -—- — ——,. -. -—--— -—.—— -–—-
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Whenthewireiscompoeedofa materialtheresistanceofwhich
G

increaseswithincreasingtemperature,coolingoftheme dueto
&P_ Wa~r @@ets willcauseitsresistanceto-decrease.Thus,
byuseofequation(2),andfromthetemperature-resistancecharacter-
isticsoftheWe, theliquid-watercontentcanbe o%tainedsimplyby
measuringthevoltageandcurrent,inadditiontotheajrspeed,alti-
tude}andauibient+rtemperature.If thevoltageacrosstiewire
terminalsisheldconstant,thecurrentflowthroughthewbe will
increasewithincreasingliquid-watercontent,duetothedecreasing
resislxmceresultingfromtheloweredtemperature.Inthismnner,the
changein currentcanbeusedto indicateliquid-wakrconcentration
directly.

EvaluationofAverageHeat-!&ansferCoefficient

Thevalueoftheaverageheat-transfercoefficient,&v, inequa-
tion(2)canbe obtainedeitherby calculationorbymeasurementduring
flightinclear-airconditions.‘l!he,vsluemaybe coqputedfromthe
folluwhgequation,whichistakenfromreference7:

.

% = O.ZU Tf0AS(W).:”6
D (3)

Saturationofa HeatedCylinder

Thepreviouslydiscussedtheoryisnotapplicablebeyondthepoint
of surfacesaturation.Thesaturationpointisreachedwhentherateof
waterhpingementonthecylinderjusteqyalsthemsximumpossiblerate
ofevaporationofthewater.At thispoint,thesurfaceisjustbecoming
wet. It ispossibleto establishthetemperatureatwhichsaturation
theoreticallywillbeginfora givenliquid-watercontentby analyzing
theevaporationprocessaroundthecylindersurface.At theinception
of saturation,therelationshipbetweenrateofwaterimpingementand
maximumpossiblerateofevaporationatanypointaroundthecylinder
surfacecanbe derivedfromequationsprese@edinreference8,as
follows:

0.622h
%=-

()
es-e

Ok

where “,

Ma = 0.225Vm C

—— .— -—— -——— .
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● Thesaturation

. .

.
vaporpressureatthesurface,then,is

VmCp~
es= e% + 0.361~

7

(4)

Thevalueoftheheat-transfercoefficient,h, canbe calculatedfor~, locationontheforwardhslfofthecy15ndersurfacefromthefo120wi.ng
expression,whichistak~nfromreference7:

h= 0.194Tf0=4g
w“” [1-(s1 (5)

By solvingfor es inequation(4)fora particularliquid-watercon-
tent,thetemperaturecorrespondingtothevalueof es canbe obtained
fromwater-vapor-pressuretables.Thistemperatureisthesaturation
temperatureforanypointontheforwardhalfofthesurfaceofthe
cylinder.Byuseof equations(4)and(5),itcanbe shownthatthe
saturationtemperatureishighestatthestagnationpointofthecylin-
der. Thus,thesaturationpointforthecyhder as a wlmleisthe
saturationtemperature

Threeheated-wire

atthestagnationpetit.1

DESCRIPTIONOFEQUDWENT

Heated-WireLoops

loopsweretestedinthe
infigure1,whichgivesthedesi’~tionnumber

cloud.ductandareshown
foreachloop.Wire

loop~ consistedof-thesamewire-materialasloop1;whereasloop3
wasmadeofa differentmaterial..TestsintheLewisIcingResesrch
Tunnelwereconductedusinga c~cularloopidenticalto loop2. Since
extensivetestsweremadewithloop1 undervariousconditions,butfor
onlyoneconditiontithloops2 an~3,
tionwillbepresentedforwireloop1
oftheloopandmethodofinstallation
temperature-resistancecharacteristics
minedina temperature-controlledoven

pertinentdescriptive&orma-
Only.Detailsofconstruction
areshowninfigure2. The
ofthewirematerialasdeter-
arepresentedinfigure3.

lActualily,thesaturationpointforthecylinderasa.wholewouldbe at
a value-slightlybelowthistemperature;sincethatportionofthe “
waternotevaporatedwouldtendto’runaftaroundthe“cylinderandb“e
evaporatedintheareasnotyetsaturated.Thisprocessisnoteasily
analyzed,butisbelievedtobe of suchsmallconsequenceastobe
negligible.

.—..—. ——— ——-.— — .—.- .——.- —--- - —
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P&er SupplyandMeasuringEquipment .

Inthecloud-ducttests,theheatingcurrentforthewireswas
obtainedthroughuseofa step-downtransformerdesignedfora 115-volt
60-cyclepowerinput.A variableautotransformerwasusedto allow
manualadjustmentofthevoltage.Valuesofvoltageandcurrentwere
recordedwithanoscillographinorderto obtainrecordsofthevaria-
tionofthesevaluesduringeachtest. simil~equipmentwasusedin
thetestsconductedintheicingtunnel.

CloudDuct

A generalviewofthecloudductinwhichthetestswereperformed,
ispresentedinfigure4. A schematicdiagramoftheductandequip-
mentisshowninfigure5. Theductwasinsulatedoneithersideof
theplasticsectiontominimizetheheattransferfromtheairinthe
ducttothesurroundingaii. Thiswasdoneinanattempttomaintain
anadiabaticexpansionoftheairenteringtheductsoasto facilitate
thecomputationoftheduct-airtemperaturefrommeasurementsofthe
surrounding-airtemperature.

A commercialpsintgun,showninfigure4,wasusedto”sprsywater
intotheductentranceto createanartificial.cloud.Thedrop-size
distributionwasassumedtobe uniform;however,a vsriationindrop
sizewithwater-flowratethroughthespraygunwasnoted.This,varia-
tionispresentedinfigure6. Thesedatawereobtainedwitha l-inch-
diametercylinderusingthetechniquedescribedinreference1 forthe
fixedcylinder.

AbsorbentCylinders

Inordertomeasuretheamountofliquidwatercontainedinthe
ductairstream,smsdlabsorbentcylindersabout1/4inchindismeter
whichwouldcollecta sampleofthewaterwereused. Oneofthe
absorbentcylindersis shownin”figure7. Thecylindersconsistedof
blottermaterialwrappedarounda l/8-inch-dismetersteeltubeand
boundwithfinewire. Clearcellulosetapewasplacedsroundeachend
oftheblotter,leavinga 3-inchlengthexposed,so-astoprovidea
water-dropcollectionsamplerepresentativeofconditionsexistingin
thecentral3-inch-diameterregionoftheduct.Thisarrangementwas
founddesirableto eliminateboundaryeffectsnearthesidesofthe
duct.

L_—_._—- ..— —.–——- —--— –-— .— .-–– - —. .-—
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A discussionoftheuseof absorbentcylindersformeasuring
liquid-watercontentandtestsofthecharacteristicsofthecylinders
arepresentedinappendixA.

Rotating-DiskIcing-RateMeter

Inthetestsoftheheatedwireintheicingtunnel,a rotating-
diskicing-ratemeterwasusedasthereferenceinstrumentformeasuring
theliquid-watercontent’inthetunnel.A briefdescriptionofthe
rotating-diskinstrumentisgiveninreference2.

TESTPROCEDURE

TestsinCloudDuct

Withvoltageofa previouslyestablished
wire-loopterminals,thewatersprayintothe

.

amountappliedacrossthe
ductwasadjustedto

enablea predeterminedvslueofcurrentto flowthroughtheloop,the
valuerepresentinga certaincalculatedliquid-watercontent.An absorb- ‘,
entcylinderwhichhadbeenweighedwastheninsertedintotheductair
stream,whilea recordofwire-loopvoltageandcurrentwasobtainedon
theoscillograph.Duringexposureofthecylinder,itwasrotatedata
speedofapproximatelyonerevolutionpersecondtoassureevenabsorp-
tionofwaterovertheentirecylindersurface.Immediatelyupon
removalofthecylinderfromtheduct,itwasweighed-todeterminethe
amountofwatercollected.Measurementsweremadeoftheduct-air
velocity,water-flowratetothespraygun,=d ambient-airtemperature.

Prelimin&ymeasurementsofthechangeinrelativehumidityofthe
airinthecloudductdueto thewatersprayhadindicatedthatonlya
comparativelysmallincreaseinhumidityresultedfromevaporationof
waterfromthespray.Sinceinmostcasestheductairwasnotsatu-
rated,a smallamountofthewaterimpingingontheabsorbentcylinders
wasremovedby evaporationduringexposure.TTOdeterminethequantity
ofwaterevaporated,theabsorbentcylinderwhichhadbeenexposedto
theductairstreamandwaterspraywasagaininsertedintotheduct
withthewatersprayoff. Thewetcylinderwasexposedforthesane
lengthofthe aspreviously,thenremovedandagainweighed.The
differenceincylinderweightresultingfromthisexposureprovideda .
measureoftheamountofwaterwhichhadbeenevaporatedduringthe
initialexposure.

To establishthevalueofthewireheat-transfercoefficient,havj
measurementsofthevoltage.mdcurrenttothewireloopweremade
periodicallyin clesr-airconditions.Ingeneral,a clear-airmeasure-
mentwasmadeimmediatelypriorto eachtest.
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TestsinIcing‘kunnel

I

I
I

Withthqvoltageatthewire-loopterminalsmaintainedconstant,
measurementsweremadeof currentandvoltagesuppliedto theloopwhile
a recordwasobtainedoftherateof iceaccretionontherotatingdisk.
Readingswerealsotakenofthevelocity,temperature,andpressureof
theairinthetunnel.As intheexperimentsinthecloudduct,measure-
mentsofthepertinentvariablesweremadeinclearairpriortoeach
icingtest.

TESTCONDITIONS

TestsinCloudDuct

Thevsriousconditionsunderwhichtestsoftheperformanceofthe
heatedwiresweremadesregiveninthefollowingtable:

.

Test Wire Air- Wire Clear-air Average
Studyeffectsloop speedvolt- teq~a;ue

duct-air
condition

No. of No. (mph) age temperature
(OF) (OF)

1
wiresize

2.94
1 2 265 2.75 460 60

andmaterial 3 4.07 62o
I I airspeed I I II i

2 variation 1 200 2.94 500 60
at constant 315 430 45
voltage
airspeed
vsriation

3
atconstant 1 150 2.55 460 60
clesr-ti 365 3.28 35
wire
temperature
large

4
increase

1 130 3.08 600‘ 60
inwire 265 3.58 50
temperature

TestsinIcing

Testswereconductedatairspeeds
hour,andattemperaturesrangingfrom

.

Tunnel

of200,275,and305milesper
-20tO230F. Theliquid-water

I

L _——- — . - - ——. -.. . . —.~— —— .
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1

contentoftheairstreamwasvaried
spraysysteminuseinthetunnelat
constantpotentialof2.97voltswas
minalsunderallconditionsoftest.

\

up tothemaximumoutputofthe
thetimeoftheexperiments.A
maintainedatthewire-loopter-

.

i RESULTS
~

I Cloud-Duct Data
1,

Theresultspresentedareforloopconfiguration1 sinceonly
limitedtestsweremadeofconfigurations2 and3. Resultsofmeasure-
mentsmadesimultaneouslywiththeheated-wireloopandabsorbent
cylindersaregivenintablesI throughIV. Comparisonsoftheliquid-
waterconcentrationscalculatedfromthedataoftablesI throughIV
forthewireloopandtheabsorbentcylindersarepresentedinfig-
ures8 throughII_fortestconditionsI through4,respectively.The
calculatedliquid-waterconcentrationsat saturationandcorresponding
saturationtemperaturesforallbutthelasttestconditionaregiven.
Theprecisionoftheliquid-water-contentmeasurementswiththeheated
wire.andabsorbentcylindersisdiscussedinappendixB.

Reductionofheated-wiredata.-Thevaluesofliquid-watercontent
presentedwhicharebasedonmeasurementswiththeheated-wireloopwere
calculatedbyuseof equation(2). Theheated-wiretemperature,ta,was
obtainedfromtheresistanceof thewire,asdeterminedfromthemeasure-
mentsof currentandvoltage,usingthecurveof figure3. As isimplied
inequation(2),thetemperatureofthewaterdropletswasassumedtobe
atthesametemperatureastheairintheduct.Thecollectioneffi-
ciency,~, wascomputedfromthedataof reference9,usingvaluesof
water-dropsizefromfigure6. Dueto limitationsofthetechnique
employed”toobtainthedataoffigure6,nomeasurementsofdropsize
weremadeat speedsabove265mph. tithereductionof dataabove265mph,
thewater-drop-sizedatafor265mph,wereused. hasmuchasthecolJ_ec-
tionefficiencywashigh,anylikelyerrorsinthedeterminationof drop
sizeforthehigher-speeddatawouldcauseonlyve~ smd.1errorsinthe
calculatedvalueof collectionefficiency.

Becausetheheated-wireandabsorbe,nt-cylindermeasurementswere
madesinnlltaneously,theliquid-watercontent,oftheairdownstreamfrom
theabsorbentcylinderwasdepletedby theamountofwaterintercepted
by thecylinder.Correctionsforthisreductioninwatercontentwere
appliedtovaluesobtainedfromm~asurementswiththewireloops.A -
discussionofthesecorrectionsisgiveninappendixA.

Calculationsshowedthewire-temperaturereductiondueto conductive
heatlossfromthewireendztobe negligible.

.

2...—- .. .--—-— —— - — — .-..— .-—— —..—— - . ..
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Reductionofabsorbent-cy~derd.ata.-
valuesofliquid-watercontentfromthedata
cylinders,thefollowingequationwas.used:

w~m = 1696~dEMT

Theeffectiveabsorbent-cylinder’length
theconstantofequation(6). Thevalueof

Inthecomputationof
obtainedwiththeabsorbent

(6)

of3 inchesis includedin
WITIincludesthemeasured

weightofwatere~aporatedfromtheabsorbent~ylindersduringexposure.
Thecollectionefficiency,~, wasevaluatedfromtheinformationcon-
tainedinreference9,usingthewater-drop-sizedataoffigure6. AS
inthereductionoftheheated-wiredata;forthetestsabove265mph,
themeasurementsofwater-dropsizeat265mphwereused.

Rateofresponseofheatedwire.-Resultsofa testoftherate
ofresponseofthewirelooparepresentedinfigure12,whichshowsan
oscillographrecordoftherateof increaseanddecreasein current
throughthewireloopwhenthewaterspraywasturnedonandoff. Since
theindicatedwatercontentisa directfunctionof currentunderthe
conditionsofthistest,thevsluesofindicatedliqyid-watercontent
correspondingtothevaluesofcurrentarepresented.Alsoincludedis
therecordofvoltageacrosstheendsofthewireobtainedduringthe
tests.Thefluctuationsinvoltageoccurringwhenthespraywasstsrted
andstoppedresultedfromdifficultyinmaintainingthevoltageconstant
bymanualadjustmentofthevariable-voltagetransformerasthecurrent
changed.

Icing-TunnelData

Presentationofresults.-Theresultsofthesimultaneousmeasure-
mentswiththeheated-wireloopandrotatingdiskarepresentedin
tableV. A comparisonofthewatercontentscalculated’fromtheindica-
tionsoftheheatedwireandtherotatingdiskis showninfigure13.
Anexplanationofthisfigureisgiveninthefollowingsection.
Reductionoftheheated-wiredatawasperformedas describedforthe
cloud-ducttests.

Reductionofrotating-diskdata.-Thevaluesofliquid-water
contentpresentedinfigure13werecomputed,fromthemeasuredicing
rateonthediskandtheairspeed,fromtheformula

m = 1390
(0(:)

‘(7)

+
.

._—. ——.-——— . .—
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. Ikomequation(7)itis seenthatthevalueofliquid-water
indicatedby thediskisa functionoftheratiooftheice

13

contentas
densityto

thecoldedtionefficiencyofthedisk. In calibrationsofa rotating-
diskinstrumentwithrotatingcylinders,ithasbeenshownthatthe
ratioof p to ~ canvaryconsiderably(reference4). Forthis
reasontherotatingdiskcannotbe usedto giveprecisevaluesofliquid-
watercontent.Thedatapointsshowninfigure13werecomputedfromthe
rotating-diskresultsusinga valueoftheratioof p to ~ whichis
an averageoftheextremevariationsof eachfactorasnotedinprevious
investigations.Since~ maybe influencedbythediskdesign,only
datafromtestsintheLewisLaboratoryicingtunnelwereconsideredin
thedeterminationoftheaveragevalueofthisfactor.Inreference2,
thecollectionefficiencywasspecifiedasrangingfrom0.5to 0.7,and
inreferences4 and10 thedensityoftheicewastakenas 0.75and0.9,
respectively.Therefore,averagevaluesof0.6for ~ and0.83for p
wereusedincomputingthedatapointsinfi@re13. As an indication
ofthepossiblespreadofthedatapoints,resultingfromtheextreme
possiblecombinationsof ~ and p,twoaddition&1lineshavebeen
addedtofigure13. Thesetwolines,therefore,representtheextremes
oftherotating-diskdata,whilethedatapointsrepresentthemost
probablevalues.

DISCUSSION

PerformanceofHeatedWire

Comparisonofexperimentandtheory.-Figures8 through10 show
goodagreementbetweenthevaluesofliquid-watercontentcomputedfrom
theoryincorporatingthemeasurementswithheated-tireloop1 andthose
valuesmeasuredintheductwiththeabsor~ntcylindersup to a point
ofapparentsaturationoftheheatedwire. Beyondthispoint,the
heated-wiremeasurementsexhibitlowervaluesofwatercontentthanthe
absorbentcylinders,indicatingthatnotallimpingingwaterwasbeing
evaporated.Thevalueofwatercontentatthepointofapparentsatura-
tionwasinallcasesconsiderablylessthanthecomputedsaturation
liquid-watercontent.Apparently,thetheoryforthepredictionofthe
operationoftheheatedwire,whichassumesthatallimpingingwateris
evaporated,isadequateh-therangewherethisevaporationcanbe
achieved,butappearstobe inadequateforthepredictionofthesatur&
tionpoint.

Comparisonof calculatedanda~arentsaturationtemperatures.-In
orderto examinethepossiblereasonswhythesaturationpointwasnot
predictable,thedatawereanalyzedtocomparethecalculatedandappar-
entsaturationtemperatures,sincetheevaporationprocessisprimsrily

~EqusJ.lygoodagreementwasobtainedinthetestsofloops2 and3 to
thepointofapparentsaturation.

-. .- --- - - ——___ . . ————-. . ..—-— - ———-
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a functionoftemperature.To determinethewiretemperatureatappar- 1
entsaturation,thewiretemperat~eswereplottedagainsttheliquid- (
water-contentvaluegasmeasuredwiththeabsorbentcylindersforeach . i
testcondition.Fromcurvesfairedthroughthesedata,themeasured ,
saturationtemperatureswereestablishedasthewiretemperaturesatthe <
valuesofliquid-watercontentat apparentsaturation,whichweret&ken

,

fromfigures8 through10. A comparisonofthewirete eraturesat
T)apparentsaturationandthosecalculatedusingequation4 forthe I

liquid-water-contentvalueat appsrentsaturationisgivenintableVI. I
Thewiretemperaturesatapparentsaturationareshowntobe considerably I
higherthanthecalculatedvalues.A possiblee@lanationofthis ,
differenceisthat,inthetheoryofoperationandsaturationofa heated I
wire,no dhwance ismadeforthetimerequiredforthewaterdroplets
@- onfietie torespondtothelargeincreaseintemperatureto 1
whichtheyaresubjected.

Allimpingingdropletsareassumedtobe evaporatedcompletely, (
whichcouldoccuronlyifthedropletsremainedonthewirea sufficient
lengthoftime. Intheactualcase,aerodynamicforcesonthedroptend
toremovepartofthewaterbeforeitisentirelyevaporated.The
heated-wireperformancestillwillfollowtheoryaslongas eachentire
dropimpingingonthewireisevaporated.Whenthetemperaturelagof
thedropletsnows sufficienttimeforpartofittobe carriedawayby
theairstreambeforeevaporating,theperformanceofthewirewillno
longerfollowtheoryandapparentsaturationwXllhavebeenreached.It I
appears,then,thatthedifferencebetweencalculatedandapparentsatu-
rationtemperaturesshownintableVI isa measureofthetemperaturelag
ofthewaterdroplets,sincethisdifferencerepresentstheincreasein

.

wiretemperatureabovethecalculatedsaturationtemperaturenecessary
toraisethedroplettemperaturerapidlyenoughto ensurecomplete
evaporation. (

Effectofairspeed.-A studyoftableVI showsthatastheairspeed
isincreased,thedifferencebetweenthemeasuredwiretemperatureat
apparentsaturationandthecalculatedsaturationtemperaturedecreases.

—

Thisrelationshipis illustratedinfigure14,whereit isevidentthat
theeffectof speedisa dominantfactorinfluencingtheevaporation
process.Sincethetemperatureresponseofthewaterdropsdetermines
therateofevaporationsndtheapparentsaturationpointofa heated
wire,thevelocityofthedropsastheyimpingeonthewiremustaffect
theirrateoftemperatureresponse.Thiseffectonthetemperature
responseprobablyiscaused-byan increasedtendencyforthedropsto
spreadastheystrikethetie athighervelocities,therebypresenting
a geaterareatoreceivetheheatfromthewireandallowinga more
rapidincreaseintemperature.Thismechanicalspreadingactionofthe
dropsappearstobe a largeenoughfactorto dominatethesaturation
picture,completelymaskihgtheeffecton saturationofthevarious
influencingfactorsaspredictedfromtheory.

.
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Effectofwiretemperature.- Providedtheforegoingargumentis
correctregardingsaturationoftheheatedwires,an increaseinthe
operatingwiretemperatureshouldresultina morerayidincreaseinthe
temperatureoftheimpingingwaterdrops,thusensuringmorerapidevapo-
rationandincreasingthevalueofliquid-watercontentat saturation.
ThiseffectisdemonstratedinfigureU.jwheregoodagreementisshown
betweentheheated-wireandabsorbent-cylindermeasurementsofliquid-
watercontentup to approximately2.6and3.3gramspercubicmeterat
velocitiesof150and265mph,respectively,fora clear-airwiretem-
peratureofabout600°F. Sincethevaluesofwatercontentrepresent
theupperlimitsofthetests,thesaturationpointsunderthesecondi-
tionswerenotobtained.Fromthesedata,then,itisapparentthatby .
increasingtheoperatingtemperatureofa heatedwire the rangeofwater
concentrationforwhichitsperformanceispredictableby theorycanbe
increased.

Selectionofwiretemperature.- An indicationoftheamountby
whichthewiretemperatureat saturationshouldbe increasedabovethe
calculatedvaluecanbe obtainedfromfigure14. It appearsfromthis
figurethat,inthedesignof a heated-wire-typeliquid-water-content
instrumentconsistingofa wireaboutl/16-inchdiameterandoperating
undertheconditionsofthetests,thewiretemperatureatthedesired
saturationvalueofwatercontentshouldbemaintainedfrm’about100°to
250°F abovethecalculatedsaturationtemperature,dependingontheair-
speed.It shouldbe notedthattheaverageduct-airtemperatureforthe
dataoffigurelkwas about600F. Sincethiswasalsotheaverage
water-droplettemperature,thedropletswouldhavereachedthetempera-
turerequiredforcompleteevaporationuponcontactwiththewiresooner
thaniftheyhadbeenata lowertemperature,whichwouldbethe casein
icingconditions.It is suggested>then,”tti-tindeterminingthedesign
saturationtemperatureofa heatedtire,thedifferencebetween600F
andthedesignairtemperaturebe addedto thedifferencebetween
appsrentandcalculatedsaturationtemperaturesshowninfigure14.

ComparisonofHeated-Wireand
Rotating-DiskMeasurements

Figure13 showsgoodagreementbetweentheheated-wiremd
rotating-diskmeasurementsofliquid-waterconteritwhenaveragevalues
of icedensityandcollectioneffici&ncyareusedin computingthe
watercontentfromthediskindications.Thedatapointsfollowthe
lineofperfectagreementreasonablywell,andfall.approximatelyinthe
middleofthe’regionboundedby theextremepossiblemean-linelocations
forthediskdata.Althoughtheseresultsdonotgivea precisecheck
onthetheoryofoperationofa heatedtie duetouncertaintyastothe
exactvaluesofthediskcollectionefficiencyandicedensity,never-
thelesstheyprovideaq indicationofthedegreeofaccuracyofthe
heated-wireinstrumentinicingconditions.

————. —— - _—.. ——-—. .- .------— . . .. ...——------ _—.
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RateofRes~oneeofHeatedWire

A rapidlyrespondinginstrumentfm recordingthepresenceof
Mge concentrationsofliquidwaterof shortertentis desirablefrom
thestandpointof suppl@nginformationontheseverityofmeteorological
conditionswhichcouldaffeottheoperationofcertainpartsofan
airplane,suchas turbine-engineinductionsystems,wherea sudden
largemassof supe~ooledwatermightbe critical.“Accmxiingto
reference11,sucha cloudcomposedofa highconcentrationofliquid
watermightextendhorizontallyonly1/2mile,inwhichcasetheduration
oftheconditionwouldbe onlyabout7 secondsforflightat265mph.
Thus,inordertoprovideanaccurateindicationof sucha condition,an
instruxmntmusthavea mme rapidresponseto suddenchangesthan
7 seconds.Theresponsecurveoffigure12 shuwsthattheinstrument
reactsrapidlyto suddenchangesinUquldfiatercontent.Thewire
reachedanequilibriumcondition4 to5 secondsafterthewatermay was
turmiloncmoff,andgaveanindicationofabout80percentofthefinal
valuewithin2 Becond.safterthesuddenchangesincondition.It appears,
then,thatthiswirehassufficientl.yrapidresponsetoprovidereliabls
informationontheseverityal?icingcloudsof shortextent.

J?ossibleUmitationeofHeated4ir-
Idquid+iat~ontentInstrument

In thetestsoftheheatedwireloops,thelargestdiameterof
waterdropletobtainedintheductwasabout25microns.Forthissize
ofdropandforellsmallersizes,theheatedwires~oved capableof
evaporatingtheentiredrop.Itispossiblethatwiresofthesize
testedwouldnotbe ablsto evaycmatecompletelydropsconsiderably
largerthan~ micrombefme partof thewaterwouldbe csrriedawayby
theairstream.Fw thisreason,heatedties intheorderofl/16-inch
diametermaynotbeusablefor~curatemeasurementofwatercontentin
cloudscomposedd largedrops;itis improbable,infact,thatthissize
ofwirecouldcon@.etelyevaporatedropsofthesizeofraindrops(above
about100&nicronsdiameter).Onemeansofalleviatingthepossible ,
~ficulty ofnwmming thewatercontentincloudswithlargedrops
~esentmaybe to increasethe&laneterofresistancewire,thereby~e-
sentinga largersurfaceareaforevaporationoftheimpingingdrops.
No informationik availableonthispoint,however.

Intie-w ofheatedwiresofthesizetested,errarsinthe
measurementofliquid+-atercontentresultingfromthepossible
incompleteevaporationofwaterdropslargerthan25micronswouldnot
be seriousinsofarasuseofthedatafcmstatistical.analysisis

._ —.—— ———.———— -. . -
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concerned.Cloudscomposedofwaterdropletswitha mean-effective
diameter3largerthan25micronsareunusual,andarenotlikelytohave
highvaluesofwatercontent(references3, k,~, 13,and14). ~us,

! errorsfromthissourcewouldmotbe frequentandwouldoccurmostlyat
I lowvaluesofliquid-watercontent,andhencewo~d nothavean important
I influenceon thefrequencydistributionof~ values.A discussion

ofa proposedapplicationofa heated-wire-typeinbtrwnentforobtaining
statisticalmeteorologicaldatainflightiscontainedinapperidixC.

:

~
Altho@htherateofresponseoftheheated-wire-typeinstrumentis

geaterthanthatofanydevicecurrentlyavailableforthestatistical
determinationofliquid-watercontentinflight,theresponseratewould
provea limitationinthemeasurementof instantaneousvaluesofwater
contentincloudsinwhichlargechangesinwatercdntentoccurredin

I lessthan4 or5 seconds.Thislimitation,at thepresentatleast,is
notconsideredtobeserious.

0

RemarksontheUseofa HeatedWireforDirect ‘
IndicationsofLiquid-WaterContent

,

Itwasmentionedprevio@lythatbymaintainingthevoltageconstant
acrossthe terminals ofa heated-tie-typeliquid-water<ontentmeter,the
ammstermeasuringthewirecurrentcar.ibe usedto indicatewaterconcen-
trationdirectly.Withthisarrangement,theindicationsoftheameter
wouldrepresentvaluesofliquid-watercontentaccuratelyonlyforthe
conditionsofairspeed,altitude,andairtemperatureforwhichthe
operatingvoltagewasselected.(Anexampleoftheproceduretobe
followedinthecalculationof operatingvoltageandintheuseofa
heated-wireinsim.nnentisgiveninappendixD.) Somevariationfromthe
designconditionscouldbe tolerated,however,,withonlysmallerrorin
theindicatedvaluesofliquid-watercontent.‘Ibisis illustratedin
figm?e15whichpresentscalculatedcurvesofcurrentasa functionof
wai%rcontent,forthewireofloop1$ showingtheeffectofv&riations
ofairspeed,altitude,andairtemperatureforconstantvoltage.These
datashowthatforthesameamneterindicationa variationofabout
*1Omphinthetrueairspeedrepresentsa variationof*0.1gramper
cubicmeterinactualwatercontent.Likewise,forthesameammeter
reading,a variationofabout*3000feetinaltitudeisrepresentative
ofa differenceof~0.1grampercubicmeter,-anda variationinair
temperatureofabout*20°~representsthesameliquid-water-content
variation.

Inorderto obtaina moreversatilearrangementforthedirectindi-
cationofliquid-watercontent,itispossiblethatthe.smmetercouldbe
%e mean-effectivediameterofwaterdropsina cloudwhichcontainsa
vsrietyofdropsizesisthedismeterofdropforwhichthereareequal
volumesofwaterexistingiidropslargerandsmallerthanthedrop.

1 — ——- _.—.—..
/

..—
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providedwitheithera msmuallyadjustablescaleforvariationsinair-
speed,altitude,andairtemperature,orwitha meansforautomatically
compensatingforsuchvariations,sothataccurateindicationsofwater
contentcould
forwhichthe

be obtainedunderoperatingconditionsotherthanthose
designvoltagewasestablished.

SelectionofWireandGeneralConfiguration
fora Heated-Wire-TypeInstrument

Selectionof~re.- An importantfactorinfluencingtheselection
ofwireforuseina heated-wireliquid-water-contentmeteristhe
temperature-resistancecharacteristicsofthetire.“Itis desirable
thatthetemperature-resistancecurveforthewirehavea fairlyhigh
slopeandbe linearthroughouttheoperatingrange.Theslopeof the
temperature-resisl%ncecurveforthewlreofloop1 (showninfig.3)up
to a temperatureofabofit500°F appearstobe adequateandprovidesa
goodde~ee of sensitivityoftheresultinginstrumentforchangesin
watercontent.Thedecreasein slopeofthecurveabove500°F is
undesirable,however,sincethesensitivityoftheinstrumentand,cor-
respondingly,itsaccuracydecreaseaccordinglyinthisregionofopera-
tion.Forexample,considerthecurvesoffigure15whichwerecomputed
forthewireofloop1. A msrkeddecreaseinthesensitivityisevident
forvaluesofliquid-watercontentbelowabout0.6grampercubicmeter.
Thisillustratesthedesirabilityof selectinga wirehavinglinear
temperature-resistancecharacteristicsovertheentireanticipatedoper-
atingrangeofwiretemperature. .

Configurationofwire.-Concerningtheconfigurationofthewire,
it shouldbepointedoutthatthecross-shapedformoftheloopofwire
wastestedtodeterminewhetherthisshapewouldprovidea morecompara-
blesamplingofconditionsintheducttothatoftheabsorbentcylinders
thanthecircularshapes.Althoughno significantdifferenceswerenoted,
thebulkofthetestswereperformedtiththisconfiguration.Inthe
caseofa heated-wireliquid-water-contentinstrument,tobe usedin
flight,a cross-shapedloopwouldhaveno advantageovera circularone.
Inasmuchasa circularshapeisdesirablefromthestandpointof sim-
plicityofconstruction,itis suggestedthatthisconfigurationbe
embodiedinthedesignofa heated-wireliquid-water-contentmeter.

AdvantagesofHeated-Wire-TypeLiquid-
Water-ContentInstrument

Ithasbeenshownthata heatedresistancewirecanbeusedto
measurethequantityofliquidwatercontainedinanairstream,andthe

. performanceofthewirecanbe predictedusingappropriatetheory.Thus, ,.

a majoradvantageoftheheated-wire-typeinstrumentoverexistingicing

.——.—— ———-. —
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instrumentsisthatno calibrationisrequiredto establishitsperform-
ance,asidefromthatneededto determinethetemperature-resistance
characteristicsofthewire. Thesensingelementisextremelysimpleand
durable,containi~-nofragiletemperature-measuringdevices,suchas
thermoco~les,ormovingpsrts,suchas ice-thicknessfeelers.An indi-
cationoficingseverityisobtaineddirectlyfromtheeasilymeasured
quantity,electricalcurrent.Responseoftheinstrumentto changesin
watercontent>sconsiderablymorerapidthanthatofanyoftheexisting
instrumentswhichareusableforobtainingstatisticaldata.A final
advantageisthatitcanbe usedformeasurementsofliquid-watercontent
incloudswhichareabovefreezingtemperature,aswellasin icing
Clouds. Consequently,thistypeofinstrumentmay-beusefulinthestudy
ofallclouds,regardlessoftemperature.

CONCLUSIONS

An investigationofthepracticabi~tyofutilizingthetemperature-
resistancecharacteristicsof anelectricallyheatedwireasthebasis
foran instrumenttomeasureliquid-waterconcentrationin cloudshas
resultedinthefollowingconclusions,whichapplytowiresofapproxi-
matelythesamesizeasthosetested:

1. A simple,durable,direct-indicatingdeviceformeasuring
liquid-watercontentcanbebuiltusingan electricallyheatedwireof
tiowntemperature-resistancecharacteristicsforthesensingelement.

2. Theperformancecharacteristicsofa heatedwirewhensubjected
tovariousvaluesofliquid-waterconcentrationandairspeedarein
agree~ntwithpredictedcharacteristicsaslongas dllimpingingwater
isevaporated,thatis,providedthewaterconcentrationislessthan
thevaluerequiredto saturatethewire.

3. Thepresenttheoryforcalculatingtheconcentrationofwater
requiredto saturate’thewireisinadequate,andpredictsvalueswhich
areconsiderablylargerthantheobservedvaluesatapparentsaturation.
An empiricalrelationshiphasbeenestablished,however,whichallows
adequateevaluationoftheconcentrationofwaterrequiredto saturate
thewire.

4. By supplyingsufficientvoltage,thewiretemperaturecanbe
raisedtoa pointwheretheperformanceofthewireispredictablefor
practicallytheentireliquid-water-contentrangeassociatedwithicing
conditions.

5. Responseoftheinstrumenttovariationsinliquid-water
contentisconsiderablymorerapidth~ thatofexistinginstruments
whichareusableforobtainingstatisticalmeteorologicaldata.

.-. ..— ... —- ..—— .—.__. . _ _ ._. ————._ -— —. ——-.. -—. -



=– -- .

20

6. me
liquid-water
freezing.

principleofthis
contentinclouds

AmesAeronauticalLaboratory,
NationslAthZsoryCom&ttee

MoffettField,Calif.,

instrumentcanbe used
attemperatureseither

forAeronautics,
July30,19’51.

I

(

NACA!CN2615

formeasuring
aboveorbelow

.

1’

I

\
.

.. ———. .————c.—.



.

NACATN 2615 21

A2HQUUXA

U’SEOFAESORBENT~ mR lmAsmIm

ILQUID+ATERCONTENT

CharacteristicsofAbscmbentCyUnders

J?cnxnzscylinderscomposedC&anabsabentmaterial.havebeenused
previous~forthenmasurementofI.iquid+ratercontentincloudsat
temperaturesabovefreezing(referenceU). Thebasicre@ements fcm
cylindersusedforthispurposearethattheypossesstheabi~tyto
absorball.impingingwater(exchsiveofa smallamountlosttbrqugh
evaporation)andtheabilitytoremainrelativelyundistortedwhen
subjectedto a hig&velocityairstream.

Observationoftheabsabentcylindersusedinthe~esentinvest-
igationrevealednonoticeabledistortionwheninsertedintotheduct
airstream.In orderto obtaininfmmtionontheabsorptioncharact~
isticsoftheuy~nders,testsweremadetodeterndnetheeffectof
durationd e~osureontheweightatwaterabsabed.Resultsofthese
tests,conductedfortwo&es ofI@&i+ater concentration,are
presentedinfigure16. Thisfigureshowstheabmxcptionofthecyli~
derstobe directlypropar%ionaltotheduration.ofe~osureup to an
abscwbedweightofaboutO.9gram,atwhichpointthecylindersbecame
saturateti.Thec~acteristicc&a proportionalincreaseinwater
absorbedwithincreaseindurationofexposureindicatesthatall
lm@ngingwateris absorbed.Bemusesaturationafthecylinders
occurredatanabsabedwei@t ofabout0.9gram,an attemptwasmde
to limitthedurationofexposureduringthetestsoftheheatedwires
soastomintaintheabsarbedweightunderO.9gram.

InterferenceEffectofAbscmbentCylinders

Since,in thetestsoftheheatedwires,thealxmrbentcylinders
wereitiertedupstreamwl.threspectto theheatedwires,a depletionof
waterconcentrationatthewir-looplocationwasanticipated.Evidence
ofthisdepletionwasshownby a reductionin theW*loop currentas
a cyllnd.erwasinsertedintotheairstream.Themgnitudeofthe
depletionofwatercontentasindicatedby thereductionin currentwas
foundtobe equaltothequanti.~ofwaterinterceptedby theabswbent
cyllader.Thus,itwasapparent$hatcompletemixingoftheairand
waterdropshadoccurredupstreamofthewireloops.Theinterference
effectsoftheabsmbentcylinders,therefwe,wereaccountedforby
applyingcorrectionsto thevaluesapliquid+ratercontentasindicated
by thewireloopsconsideringcoqpletemixing.

. .. . -- . .. .—..——.- ._. _. .._ —-.._ T__ _____ ——. — ...—-. .. .......... ..__



_—_ —-—.. .. . .—— —— —#

22 NACATN 2615

AEPENUXB

ERECISIONOF~ OF13QUIMUUTRCONTENT

Theprecisiond measurementofthe“liguid+atercontentin the
cloudductusingtheabsorbentcylindersis a functiond theprecision
withwhicheachofthetermsinequation(6)wasdetermined.ILkewise,
theWeoisionoftheindications.tiliquid+atercontentaacomputed
frommeasurementswiththeheatedwireisa functionoftheprecision
withwhicheaohofthetermsinequation(2)wasestablished.In order
to evaluatetheprecisionofthemeasurements,theestimatedmaxim
errms inthedeterminationofwatercontentti~ be considered.

me to largevariationsinquantitiesmeasuredwithboththe
heatedtie andabsorbentcylinders,themsximmerrorinwatercontent
wouldbe differentfm eachobservation.Fm?thisreason,theaverage
ofthemsximzmerkorsfm theobservations~obablywouldprovidea
usefulindexoftheover-allWecisionofthedata,andaccwdin@y
thesevalueswerecomputedforboththeheatedwireandabsmbent
cylinders.Inasmchaainterestliesonlyinthevaluesofliquid–
watercontentwheresgreeuntshouldexistbetweenmeasurementswith
theheatedwireandabsorbentcylinders,onlydatabelowtheapparent
saturationpointoftheheatedwirewereconsidered.Sinceonlycompsz=
ativevdnea ofthewatercontentas obtainedby thetwoMthodssreof

.

interest,andsincethewatercontentas obtsinedbybothmethodsis
inverse~proportionaltotheairspeed,errorsin airspeedmeasure-
mentwouldaffectbothvaluesequaldy,and,hence,werenegbcted.

.

E&rcrsin%ated+ireMeasurenmnts

The~imsrysourceoferrorindeterminingthellquid-watercontent
withtheheatedwireis inthemeasnmementofthevoltageandcurrent.
Theestimatedmxbmm errm
asfollows:

in eachoftheseterms in& testdatais

m *O.02volt
AI‘*0.5ampere

Calculationsweremadeofthemaxinumerrm fcmeachobservationin
tablesI throughIVfm valuesaPwatercontentbelowtheappsrent
saturationpoint,usingthesedeviations.Theaverageatthemsximm
errwsfortheheatedwirewasco~ted tobe approximately0.06gram
percubiointer.

——.—— -- —— ——.—— -—-
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Absorbent-CylinderMeasurements~
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TheeEtimatedmaximumerrmsin eaohofthetermsM equation(6),
withtheexceptionofthefree+treamvelocity,areasfollows:

i

~lT*0.02~~
@ *0.01inoh
AEM*0.01
AT +0.2 seco~

C%louktions similar to those fw theheated
errcm,showedthe
observationstobe

averagemaxim errorfor
wire,using these estimted
theabsorbent-oylinder

apprmimtely0.14grsmperoubicm9ter.

–.——. .— — __—. —.-.. _._— — —c .—~ ..—--—---- -
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APPENDIXc +

EWPOSEDAPPLICATIONOF~ PRINcIhIN

AN~ FOROBTKD?INGSTATISTICAL

.

The SOUlldIBSS
aenstigelelmntof

of
an

METM~CILWICALDATAINFLIGHT

the principleofutilizinga heatedtie as the
tistrumntforthemasuremgntofliquid+ater

contenthasbeenillustrated..Itwassu~sted thatintheapplication
Oftheprinciple,thevolti~totheheatedwirebemaintained-constant
sothatmeasurenntofthecurrentwouldprovidea masureofthe
liquid+atercmcentration.Thepracticabilityofutilizingtheheated–
wireprinci.pl.einan instrummtwhichcouldbe installedina large
numberofairplanes.forthepurposeofgatheringsufflcientwater- -
content&k forstatisticalanalysis,then,de~endsprimarilyonthe
easewithwhichaccuratevolta~regulationandcunentuasuremwtcan
he effected,andthesizeandweightoftherequiredequipment.The
valueofliquid+?atercontentas determinedby theheated-e methcd
alsoisa functionoftheprevailingairs~eed,altitude,andairte~
perature,butthetechniqueformasuringthesequantitiesiswell
establishedandwillnotbe discussedfurther.

In mxierto illustra%thepracticabilityofconstructinga
conqbfeheated- instrumntforobtainingstatisticalflightdata,
a typicalapplicationwillbe outlined.Informationconcerningthe
equipmentrequiredforvoltageregulationandforrecordingtheperti-
nentquantitieswillbe basedonknmledgeofavailableequipmentand
Straightf(rwlma ctictitdesi~. Threeunitsofequipmmtareinvolved:
Thsseare(1)thepowersupply,(2)therecordingapparatus,and(3)the
controlpanel.Itwillbe assuredthattheheatedwirehasapproxi–
matelythesameresistanceandtemperaturecmfficientofresistanceas
the& uspdinthetests.,Thecurrent,then,wouldvaryfranabout
80 to120-res fora variationinwatercontentfkomO to2 grams
percubicinterundera normallyexpectedrangeofairplaneoperating
conditions.

Wwer Supply

It isproposedthatcurrentfoitheheatedwire%e talmnfrcma
ll>volt~ycle inverter,whichisstandardequipmmtonmpstair-
craft.ApproximatelyMO wattsofpowerwouldberequired.A commer-
ciallyavailkblevoltagere@tor wouldbeusedincombinationwitha
step-downtransformr toprovideconstantvoltageoftherequiredamount
(approxhdely3.5volts)to thewireloop.Withthis‘equipment,regu- *
lationinvolta%couldW mintainedwithin~.2 percent.The
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regulatcmandtransf-r wouldoccupya space
6 inchesandwouldweighabout16pounds.

approximately

25

13by 8 by

RecordingApparatus

Zerosuvrmession.-Sinceinthem9asurem9ntofwatercontent
interestlie=”cd intheincreaseincurrentabovea givendatumvalue
(approximately80yamperes),itisdesirabletobalanceoutthedatum
valueofcurrentbynBansofa zer~uppressioncircuitsothatdeflec–
tionsoftherecorderareindicativeonlyofchangesincurrentfromthe
datumvalue.A su~ressed-zerocticuitwithgoodstabillty charac%ris-
ticscouldbe obtainedutilizingthesourceofregulatedvOlta&supplied
to theheatedwire.A maximumvariationofabout*1percentinzero-
suppressioncurrentwouldthusresuit.

Currentreccding.-Recordingofthecurrentvariationcouldbe
effec?aiusinga currentrecorderincorporatinga ccmmrci~y available
@vanm@er elemnt. Theaccuracyofsucha recorderwouldbeapprox–
imately*1 percent.

Sizeandweight.-Theco~ned equipmentforzerosupwessionand
recordingd current,
approximately10by 8

airspeed,altiti-db~andairtempaa-%rewouldbe
by 6 inches,in sizeandwouldweighabout10pounds.

ControlPanel

A controlpanelcontaintigthenecessaryswitchesandotherequiw
writ,includinganamrmterfordtrectfndicatimofwatercontent,would
leabout6 by 4 by 2 inchesinsizeandwouldweighappro-tely
1 pound.

RecordingAccuracyofValuesof-
Liquid-aterContent .

Theover-allaccuracywithwhichvaluesofliquid%atercontent
couldk recordedUs@ thearragamt outlinsdisa functionofthe
accuracyofthevolta~regulation,thevariationinthezero-
suppressioncwrent,andtheaccuracyofthecurrentrecorder.vsrk-
tionsof*0.2percenth volt.a~regulationwouldresultinapproxi–
mtely *0.2amperecuriwntvariation.A variationof*1 percentinzer-
suppressioncurrentwouldcausea variationof*O.8 ampereinthe
recorde’dcurrentfara suppressed-currentvalueof80amperes.An
accuracyofthecurrentrecorderof*1 percentwouldresultina
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variationof*O.4amperefora fdl+cale deflectionofm ~~res.
MS, theeve- accuracyofreoordingtheabsolutevalueof current
wouldbe *1.4amperes,whichre~esentsanaccuracyinthelicpid-
water-contentdeterminationd appro~tely +O.1grampercubicmeter
atmoderateflight‘speeds.Thus,it appearsthatrecordingofvalues
ofliquid+ratercontentto a reasonabledegreeofaccuraoyispossible
usinga heat.ed+ireinstrument,and.furthermorethatfromthestand-
pointofsizeandweight,such~ instznmentwouldbe suitablefor
installationin a largenuder ofairplanesforthepurposeofgather-
ingstatistics.icingdata.

.

.

I
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Toprotideanexaqpleoftheproceduretobefollowedintheuse
ofa heatedwirefcwmasuringtheliquidwatercontentofa cloud,a
typicalcaaewlU.be ilJuetratedwithnumericalvalues.ThemeterwllJ
be assuredto consistofa loopofwireofthematerialusedinthe
Condir’llctionofloop1.

Thelengthofwirewillbe takenas8 inches.Forthepurposeof
tkisexample,theaverageffightconditionsfcmopertiionoftheheated .
wireareas-d tobe:

Me airqeeed 250~h
Pressurealtitude 5,000ft
Ambien* te~erature 00~

EstablishmentofSaturationTemperature

Itwillbe assumedthatperfmmanceof&hewireis tobe~edict-
bl.eup toa selectedsaturationvalueof ldquidwatercontentof2 grams
percubicmeterfa theaboveoleratingconditions.Thetheoretical
saturationte~~atureis obtainedby solylngequation(4)forcondi-
tionsexistingatthestagnationpoint.To evaluatetheterm eok in
equation(4),thevalueofthekl.netic-airtempmatureatthestagnation
pointmuvtfirstbe obtained.Thistemperatureis obtainedfi,omthe
folJ.owinge~ession:

v=
‘ok=to+—

2J@JJ

Em theconditionschosen
3672

t% =()+
iX778x32.2x0.24

= ll” F

‘ok= 1.9&mHg

.

(8)

!.
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Thevalueoftheheat-transfercoefficient,h, atthestagnationpoint
is computedfromequation(~). Sincethehea~ansfer coefficient
varieso~ slightlywiththetem~eratureofthewire,anaverage
operatingwirete~eratureof450°F willbe assunmdintheevaluation
of h. Then

( 0.5
h= 0.194x 685°’49 36: X*;;OQ82

● )

= 274Btu@rft2‘F

Thevalueoftheconcentrationfactcm,C, is obtainedfromthedataof
reference9,- is computedtobe 0.99. (Theconcentrationfactm a+
thestagnationpointisdesignatedaa f30inreference9.) Forthe
conditionschosen

v = 367ft/sec,
m= 2.0g/ins
p=632~

7o“=0.24Btulb ‘F

Then

. ~ ~ + o.361x367x2.mo.9gx63mo.24es .
274

=147”IIanHg

Thetaqperaturecorrespondingto thisvapcmpressureis139°F. This
is thetheoreticalsaturationtemperaturefa theseconditions.lRrom
thedatad figure14,thewiretemperatureattheselectedsaturation
watercontentshuu.ldbe aboutl~” F abovetheca.lctitedsaturation
temperatureatthedesignspeedof250mph. Siue thedataoffigure14
wereobtadnedfaranairtemperature@ about600F, thedifference
between600F andthedesignairtemperatureof0°F shouldbe added.to
theinaeasein calculatedsaturationtemperatureobtainedfrom
figure14,as~eviouslysuggested.Thus,thewirete~ratureat matu-
rationshouldbe about350°F.

CalculationafOperatingVoltage

Thedesignoperatingvoltageis obtainedby solvingequation(2)
fw theterm E fcmconditionsat satiation.Thecurrent,I, in
equation(2)isdeterminedfromOhmlsLawusingtheappropriatevalueof
tie resistance.Theresisteaceistakenfromfigure3 fora lengthof
8 inohesanda te~eratureof350°F, andisfoundtobe 0.0304ohm.

.
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Then
E

IR=—

29

.

E=—
0.0304

Thevalueof & iecoqputedfromequation(3)asfollows:

h = 0.2UX685
0.43 (367xo.ok82)0A

av o.oo530~
.

= 3.60Btu/hft2‘r
As in thepreviousoevaluatdonof h, anassumedaverageoleratingtie
temperatureof450 F ~ taken.

In thecalculationofthewater-dropcollectionefficiency,~
20+uicrondropletswi~ be assured.Thevalueof ~ then,from
referenoe9 is1).g8. Theterm t~av istaken,usingthedataof
reference16asa basis,as

‘%V’ = ‘0+1’25 (9)

andiEIcomputedtobe 6°F. Substiinrtingtheabovevaluesinequation
(2),imertingtheap~omate constants,andsolvingfor E resultsin

E= [2.0xo.225x367x0.00353x0.98(J.2L7+3M)+160x0.0UJ(350-6)]

= 3.43volts

Thus,if thevoltageatthewireterminalsismaintainedconstantat
3.43volts,* heatedwirewilJ-be“capableofevaporat~d-l@pinging
waterin’a cloudcontaining2 ~ams peroubicneterinflightat250mph,
5,000feet,and0°F airtemperature.

In oelculRtingtheo~eratingvoltagefora heated+dreipstmument,
itis suggestedthatconditionsbe selectedtogivethehighestvalueof
voltage to ~eventsaturationd thewireatotherthandesigncondi-
tions.Thoseconditionsrequiringa highvoltagearehighairsyeed,
lowalti@de,lowairtemperature,andhighwaterconcentration.

.—.-. —.—- -. ——.—-. -—. — --—--—— —— ...— —. . . .. . .—.
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CalculationofLiquid~ateMontent
fromCurrentl!easure~nt

1

Assumethattheheatedwireisbeingusedfa measurementofthe
liquidqtercontentunderthefollowingconditionsoffld.ght:

‘Rueairsp3etl 230mph
l?ressurealtitude 10 000ft
Ambien* temperaturelo~F’

Uponenteringa cloud,assurethecurrentinthewire,whichiamai~
tainedata constantpotentialof3.43volts,is 90aqperes.Usingthe
currentmeasurementandthevoltage,thewireresistanceisdetermined
fromOhmisLawandis computedtobe 0.0381ohm. Thus, t~= 565°F
fromfigure3. Thevalueof &v fortheaboveconditionsis obtained
usingequation(3),andis calcukbedtobe 133Btuperhour,square
foot,%. Theavebsgekhetic-edrtemperature,t%av, is oomputedfrom

equation(9),and,fm theconditionsspecified,is’foundtobe 14°F.
Substitutingthesevaluesintoequation(2)gives

~ . 3.41X3.43X90- 133xo.olll(565i- 14)
o.22>337X0.00353X0.98(1319+32-10)

= 0.68g/m9

It shouldbe notedthatintheuseoftheequationsforcomputing
the~ormanoe ata heatedwire,thevelocityre~esentedby theterm
V isthefre~esm velooityintheregionofthetie. Therefwe,if
thetie ismountedonthewingorfuselageofanairplane,wherethe
velocityis somewhatbig@ thantheairplanefcuwardspeed,thevelo~
ityin thisregionmustbelmown.Forthisreason,itmaybe destiable
to determinetheaverageheat-transfercoefficient,&v, forvarious
operatingconditionsfrommeasurementsduringflightindeer airafter
installationcdtheheated+ireinstrument.

In locatinga heatedtielooponfi &plane, attentionshouldbe
giventoplaoingit ina regionofuniformflowwherea re~esentative
ssqdm ofthecloudwillpassoverthewire. Forexample,iftheloop
istobe installedonthefuselage,it shouldhemountedoutsidethe
bounderylayer and considerationshouldbe giventothewate~o~
deflectingaotionofthelargefuselage.

.
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.24 .240 15.8 .72 .01 196 .0735 65 85.6 2.95
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●53 ‘.ib
2.9s
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TABLEV.-RESULTSOF~S MADEWITHHEATED-WIRELOOP
AND ROTATINGDISK IN LEWISLAJ30RATORY

ICINGRESEARCHTUNNEL

Icingrate
(in./rein)

o
.0334
.0608
.0922
.mj8
o
.0393
.0648
.0903
●1.257
.15X2
o
.0440
.0557
.0919
.1080
.1130
0
.0244
.0392
0
.0228
.0360

Air’
~elocity
(mph)

202
202
201
201
201
202
202
201
201
201
201
198
198
199
198
198
198
27k
274
28a
Sll

. 302.5
308

Air
density
:lb/cuft)

0.0759
.0759
.0757
●0759
.0761
.0756
.0756
.0758
.0758
.0758
.0759
J0790
.0790
.0786
.0790
.0790
.0790
.0765
.0762
.0756
.0745.
.0767
.0741

tempera-
ture
(?)

22
22
23
22
21
20
20
19
19
18
20
5
5
5
5
5

-:
-2
2
-2
1
0

constant

Tire-loop
current
(alps)

80.4
82.4
84.o
85.6
87.6
80.8
83.6
84.8
86.4
88.8
90.0
82.0
85.2
86.0
88.4
89.2
90.0
87.6
88.4
89.6
89.2
90.0
90.8

OTE:Wire-loopvoltagemaintained
2.97volts.Mean-effectivedropdiameter,15 to18
microns;drop-sizedistribution;.~ C (reference9).

T
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TABLEVI.-COMPARISONOFCAUUMTEDANDAPmRmT ~ON ~ d
FQR~ LOOP1 UNDERVARIOUS!ll%3TCONDITIONS

True
Airs~eed
(Qh)

150

265

315

365

\

Apperent
saturation
Jiquid+ratez
oontent
(g/cum)

1.1

1.7

1.6

1.6

1.8

Calculated
saturation
temperature
atapparent
saturation

(%)

328

137

142

145

151

Measured
wire

te~erature
at apparent
saturation

(%)

369

348

289

242

244

Difference
between

apparentand
calculated
saturation
tenp~atures

(F)

251

147

97

93

Data
figure
.nnmber

.

.

“

.—. .— .—. .— --— ._. .—— —



NACATN2615 39

~
1’

r’
I .—

(a)LOOX1;wirediameter,0.0635inohes.

(b)LOOP 2:wirediameter.0.0635inches

r“..
... .

\..

(C)LOOP 3;tiredimeter,0.093inohes.

Figure1.-Wireloop tested.
.
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L

Eff8ctiv8
WirediamvIengfhof Ghemicol

[in.) wirein composition,
loop,(in) (percent)

0.0635 8.59 Ni 95
Mn 4

I 1s//1

-Ma=-k
Hi&i&

5“LD. Duct
—

Resistancewire
Silver solder joint

copper tubing

+“0.D..049”Wdf

stainless steel
Mounting lug tapped
for 8-3P screw
Silver solder joint
Terminal lug

Figure2.- Dimensions,mountingdetuils,ondotherdutufor
wire loop /.
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Wire temperature, “F

figure 3.- Temperature - resistance Characteristics of wire of loop /. Length of wire

cdibrm’ed, 32 feet. ~
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Figure4.– General view M cloud duct showi~ blowerand wate~nrav

-—. ”

setup used In tests of b–ated wires.
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I)’‘I Water
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Bell- mouth
Absorbent

Clear plastic Heated - wire
/“- loop

5“+Dia.
II

Direction of air f/ow _
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Cornpkseci
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Figure 5,-Schematic diogtum of cloud duct and woter - spray equipment.
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24

20

, A ,

0
1

(0) True airspeed,/50mph.
$’

28
g
‘\b on$ 24 , Q_ (J

o
$

0
1.
$

20
s

n o
/

/6
~~

/2-

8

0
4“
o ./ .2 .3 .4 .5 .6 .7 .8 .9

Waterflow rate, lb/rein

(b) Trueairspee~265 mph.

Figure6.-Resultsof measurementsof water-dropsize os o functionof
waterflowrate in the cloudduct.
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Figure7.-Absorbentcylinderused in the measurementof Ilquld+ater
contentIn the oloudduct.
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16

L2

.8

.4

@

Line of perfect ogreemetitl
/

/
/

3-/ ‘
Apparentso?urationpoint ,

of heated wire

o

Calculatedliquid-wotercontent
to safurotewire of test con-
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